In this work, the pulse electrodeposition technique was employed for the rst time to deposit AgInSe2 lms. The lms were deposited at room temperature from a bath containing Analar grade 10 mM silver sulphate, 50 mM indium sulphate and 5 mM SeO2. The deposition potential was maintained at −0.98 V (SCE). Tin oxide coated glass substrates (5.0 Ω/sq) were used for depositing the lms. The duty cycle was varied in the range of 650%. The X-ray diraction pattern of the thin lms deposited at dierent duty cycles indicated the peaks corresponding to AgInSe2. The transmission spectra exhibited interference fringes. Resistivity of the lms increased from 1.5 Ω cm to 12.4 Ω cm. Mobility increased with duty cycle. Carrier density decreased with duty cycle. The photovoltaic parameters of CdS/AgInSe2 solar cells increased with duty cycle.
Introduction
Ternary semiconductor compounds have attracted the technological interest owing to their promises for practical application in the areas of visible and infrared light emitting diodes, infrared detectors, optical parametric oscillators, nonlinear optics, solar cells, optical frequency conversion, second harmonic generation devices, and many other electro-optical devices [14] . In the production of stable and radiation resistant polycrystalline thin lm photovoltaic solar cells, reasonably high power conversion eciency values have been achieved by using the ternary chalcopyrite semiconductors as an absorber layer [5] . Ternary chalcopyrite compounds have photovoltaic potential for solar cells since their optical band gap lies between 0.8 and 2.0 eV and they can be grown either n-or p-type [6] . Thin lm solar cells made from ternary chalcopyrite compounds, such as CuInSe 2 and its analogous alloys, have begun to fulll the promise of low--cost, power generation from non-polluting, clean energy sources. AgInSe 2 (AIS) is one of the potential candidates of this family of alloys due to its band gap around 1.2 eV [6] , which makes it ideal absorber material for solar cells. AgInSe 2 crystallizes in the chalcopyrite structure, which is closely related to the zinc blende structure. The commonly used methods for preparing silver indium selenide thin lms are ash evaporation [7] , rf magnetron sputtering [8] , thermal evaporation [911] , hot wall vacuum deposition [12] , pulse laser deposition [13, 14] , electrodeposition [15, 16] and co-evaporation [17] . The objective of the present work is to deposit silver indium selenide by the pulse electrodeposition technique and study their properties. To our knowledge this is the rst report on pulse electrodeposited AgInSe 2 lms.
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Experimental methods
AgInSe 2 lms were deposited by the pulse electrodeposition technique at room temperature from a bath containing Analar grade 10 mM silver sulphate, 50 mM indium sulphate and 5 mM SeO 2 . The deposition potential was maintained as −0.98 V (SCE). Tin oxide (SnO 2 ) coated glass substrates (5.0 Ω/sq) was used for the deposition of the lms. The duty cycle was varied in the range of 650%. Thickness of the lms measured by surface prolometer increased from 600 nm to 800 nm as the duty cycle decreased from 50% to 9%. Structural characteristics was studied by using X'pert pro diractometer using Cu K α (1.541 Å) radiation from 40 kV X-ray source running at 30 mA. Optical characteristics were studied by using U 3400 UVVISNIR spectrophotometer. The surface morphology and roughness of the lms were analyzed using a Nanoscope E-3138j AFM/ STM atomic force microscope (AFM). In pulse electrodeposition [18, 19] 
This results in a series of pulses of equal amplitude, duration and polarity, separated by zero current. Each pulse consists of an ON-time (T ON ) during which potential and/current is applied, and an OFF-time (T OFF ) during which zero current is applied as shown in Fig. 1 .
It is possible to control the deposited lm composition and thickness in an atomic order by regulating the pulse amplitude and width [20, 21] . They favor the initiation of grain nuclei and greatly increase the number of grains per unit area resulting in ner grained deposit with better properties than conventionally plated coatings. The sum of the ON and OFF times constitute one pulse cycle.
The duty cycle is dened as follows:
duty cycle(%) = ON time ON time + OFF time × 100. (ii) The second characteristic feature is the inuence of the OFF time during which important adsorption and desorption phenomena as well as recrystallization of the deposit occurs.
Pulse plating technique has distinct advantages compared to conventional electrodeposition namely, crack free, hard deposits and ne grained lms with more uniformity, lower porosity and better adhesion. It is well known that by using pulse current for electrodeposition of metals and alloys it is possible to exercise greater control over the properties of electrodeposits and to improve them by modifying their microstructures [22] . It has been reported that a signicant reduction in internal stress could be obtained when pulse current was used, compared to the use of conventional direct current [23] . Pulsed electrodeposition improved the hardness compared to direct current deposits [24] .
Results and discussion
The lms deposited at dierent duty cycles were characterized by the X-ray diraction (XRD) studies. All the reections could be indexed as the chalcopyrite AgInSe 2 with the lattice parameters a = 6.134 Å, c = 11.813 Å, which were very close to the reported data (JCPDS Cards, 35-1099). As the duty cycle increased, the intensity of the peaks increased. Peaks corresponding to the (112), (204), and (312) reections were observed (Fig. 1 ). crystallite size = 0.9λ/(β cos θ),
where λ is the wavelength of Cu K α X-rays (1.541 Å), β is the full width at half maximum and θ is the Bragg The microstructural parameters are presented in Table I . From the table it is observed that the dislocation density decreases with increase of grain size. Information on the particle size and strain for the AgInSe 2 lms was obtained from the full-width at half-maximum of the diraction peaks. The full-width at half-maximum b can be expressed as a linear combination of the contributions from the particle size, D and strain, ε through the relation [28] :
The plot of β cos θ/λ vs. sin θ/λ allows us to determine both strain and particles size from slope and intercept of the graph.
The estimated values for lms deposited at dierent duty cycles are listed in Table I Composition of the lms was estimated by recording the energy dispersive X-ray spectroscopy (EDS) spectrum of the lms deposited at dierent duty cycles (Table II) . It is observed that lms deposited at lower duty cycles were silver rich. For the lms deposited at 9% duty cycle, the Ag/In ratio was 1.012. As the duty cycle increased, the lms became indium rich. This is due to the fact that at higher duty cycles, more ux of indium ions are available for deposition compared to the ux of indium ions at lower duty cycles, which results in higher concentration of indium thus decreasing the Ag/In ratio. Based on the defect chemistry model of ternary compounds [30] , compositional deviations of the AgInSe 2 can be expressed by non-stoichiometry parameter (∆y = [2Se/(Ag + 3In)] − 1). The parameter ∆y is related to the electronic defects. For ∆y > 0, the lm has a p-type conductivity and it has an n-type conductivity for ∆y < 0. In this study the value of ∆y is greater than zero and the lms exhibit p-type conductivity.
Insight on the surface topography was made using AFM micrographs. The AFM images of the AgInSe 2 
where 
A bandgap energy in the range of 1.161.21 eV was obtained using αhν = 0. This value is comparable with the previous reports of 1.21 eV [14] . The lower values of band gap obtained at 10% duty cycle is due to the slight excess of silver in these lms. [32] . The variation in resistivity with duty cycle can be explained in terms of the Ag/In ratio obtained from EDAX measurements. At low duty cycles, a high Ag/In ratio is observed. At higher duty cycle, Ag/In ratio is less than unity, hence as the concentration of silver decreases, the resistivity increases. The variation of room temperature mobility and carrier density with duty cycle is also shown in Table II . The increase of resistivity at 50% duty cycle can also be explained in terms of the decrease of carrier density with increase of duty cycle. The values of mobility and carrier density decrease with increase of duty cycle. Mobility and carrier density values are higher than in earlier report [32] . The currentvoltage characteristics of the AgInSe 2 based solar cells with n-CdS is shown in Fig. 6 . The solar cell parameters, open circuit voltage (V oc ), short circuit current (I sc ), series resistance (R s ), shunt resistance (R sh ), and ll factor (FF) are given in Table IV .
From Table IV , it is clear that as the duty cycle for deposition of AgInSe 2 decreased, the photo output increased.
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